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Abstract. The metabolism of the natural amino acid L- 
valine, the unnatural amino acids D-valine, and D-, L- 
phenylglycine  (D-, L-PG),  and  the  unnatural  amino 
acid amides D-, L-phenylglycine amide (D, L-PG-NH2) 
and L-valine amide (L-Val-NH2)  was studied in Pseu- 
domonas putida ATCC 12633. The organism possessed 
constitutive  L-amidase  activities  towards  L-PG-NH2 
and L-Val-NH2, both following the same pattern of ex- 
pression, suggesting the involvement of similarly regul- 
ated enzymes, or a common enzyme. Quite surprising- 
ly, growth in mineral media with L-PG-NH2 resulted in 
variable,  long lag phases  of growth  and  strongly re- 
duced L-amidase activities.  Conversion of D-PG-NH2 
into D-PG and L-PG also occurred and could be attri- 
buted to the presence of an inducible D-amidase and 
the racemization of the amino acid amide in combina- 
tion with L-amidase activity, respectively. The further 
degradation of L-PG and D-PG  involved constitutive 
L-PG aminotransferase and inducible D-PG dehydro- 
genase activities, respectively, both with a high degree 
of enantioselectivity. Amino acid racemase activity for 
o- and L-PG was not detected. 
Introduction 
Amino acids are important chiral building blocks for a 
whole range of fine chemicals. Increasingly, either L- 
or synthetic D- and L-amino acids are used in the syn- 
thesis of pharmaceuticals, agrochemicals and food/feed 
additives. A  classical example is the D-enantiomer of 
phenylglycine (D-PG), an industrially important inter- 
mediate in the manufacture of semisynthetic penicil- 
lins.  More  recent  examples  are  L-valine  (L-Val),  a 
feedstock for the microbial production of Cyclosporin 
A, and D-valine (D-Val),  an intermediate in the pro- 
duction of the insecticide Fluvalinate (Kamphuis et al. 
1987). 
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Optically pure amino acids may be produced by way 
of microbial or  chemo-enzymatic processes  (de  Boer 
and Dijkhuizen 1990; Kamphuis et al. 1990a).  The lat- 
ter processes are especially suitable for the synthesis of 
structurally and/or  enantiomerically unnatural amino 
acids and may involve either the resolution of racemic 
mixtures or the asymmetric synthesis of one of the en- 
antiomers (Kamphuis et al.  1990b).  Various methods 
have  been  reported  for  the  enzymatic resolution  of 
D,L-amino acid derivatives on an industrial scale. For 
instance a process has been developed for the produc- 
tion of a range of optically pure D- and L-amino acids, 
based upon the stereoselective hydrolysis of L-amino 
acid amides by an L-amidase of Pseudomonas putida 
ATCC 12633 with a relaxed substrate specificity (Meij- 
er  et  al.  1985).  This  organism was isolated from soil 
(Stanier et al.  1966) and selected in a  screening pro- 
gramme  using  a  complex medium  (PS  medium)  for 
growth. Enzyme assays using whole cells as a biocata- 
lyst and D,L-phenylglycine amide (D,L-PG-NH2)  as the 
substrate resulted in the exclusive formation of L-phe- 
nylglycine (L-PG). No  evidence was obtained for the 
enzymatic hydrolysis of D-PG-NH2  in cells  grown in 
this medium. 
At the  moment our knowledge about  the  regula- 
tion,  substrate  specificity, biochemical  characteristics 
and physiological relevance of the enzyme(s) involved 
is limited. Moreover, following inoculation of P. putida 
in  L-PG-NH2-containing  mineral  media,  significant 
variations  in  growth responses  (length  of lag  phase, 
viability, colony size)  and enzyme levels occurred. We 
therefore decided to study the utilization and metabol- 
ism  of  some  unnatural  amide  derivatives  of  amino 
acids  (e.g.  D,L-PG-NH2  and  L-valine  amide,  L-Val- 
NH2)  as carbon (C) and nitrogen (N) sources by P. pu- 
tida ATCC 12633 in more detail. 
Materials  and methods 
Micro-organism and  cultivation. P. putida strain ATCC 12633 
was always  grown on Luria-Bertani  (LB) medium (Maniatis  et al. 
1982) before being cultivated in other media used in this study. 520 
Ceils  employed for the measurement of enzyme activities after 
growth on different C and N sources were pregrown at least twice 
on the  same medium before harvesting. The complex Pseudo- 
monas medium (PS-medium, pH 7.1; heat-sterilized) contained 
the following components: 1 mM nitrilo-triacetic acid (Titriplex 
I),  25 mM  KH2PO4  ,  25 mM  Na2HPO4,  2.5 mM  MgSO4,  7 b~M 
FeSO4, 160 vM ammonium heptamolybdate, 0.68 mM CaC12 and 
1%  (w/v)  yeast extract (BBL). The basic mineral salts  medium 
(pH 7.0; heat-sterilized) consisted of phosphate buffer (25 mM 
KH2PO4  and 25 mM Na2HPO4) and 0.2 ml/1 of trace element so- 
lution (Vishniac and Santer 1975). MgSO4 (2 raM; heat-sterilized) 
and appropriate  C  and N  sources were added to the medium. 
Glucose  (10 mM),  acetate  (30 raM) (all heat-sterilized), citrate 
(10 mM),  succinate (15 mM), pyruvate (20 mM)  (all filter-steril- 
ized), were used as C sources.  Ammonium sulphate [(NH4)2SO4, 
5 raM], KNO3 (10 raM; heat-sterilized) and L-PG-NH2 (5 mM; fil- 
ter-sterilized) were used as N  sources.  Mineral medium with a 
relatively low citrate concentration (4 mM) was used to test the 
ability of the organism to use, in addition to L-PG-NH2, a variety 
of other amino acid amides as C  and/or N  sources,  i.e.  D-PG- 
NI-I2, D,L-PG-NH2,  L-Val-NH2,  D-Val-NH2,  D,L-Val-NH2,  D,L- 
mandelic acid amide (D,L-MA-NH2), D,L-Ala-NH2, D,L-a-amino 
butyric acid amide (D,L-a-amino-But-NH2) and D,L-phenylalan- 
ine ethanol amide  (D,L-Phe-NH-CHzCH2OH).  The  concentra- 
tions of amino acid amides used were  10 mM for the optically 
pure solutions and 20 mM for racemic mixtures. All amide stock 
solutions were freshly prepared and filter-sterilized. Growth was 
in conical flasks  filled to 25%  of the voltune in a rotary shaker 
(200 rpm) at 30  ° C,  and was  followed by measuring the absor- 
bance of the cultures at 660 nm (OD660) using a Vitatron MCB 
colorimeter (Vitatron, Meyvis, The Netherlands). For the deter- 
mination of enzyme activities, cells were harvested by centrifuga- 
tion, washed once in potassium phosphate buffer (50 mM, pH 7.5) 
and the pellets were stored at -80  ° C. In general, cells were har- 
vested when cultures reached the end of the exponential growth 
phase, except for the situation shown in Table 2. In this case ceils 
from each culture were harvested after 24-30 h of incubation, de- 
spite  the  fact  that  in  some  cases  almost  no  growth  had  oc- 
curred. 
Racemic mixtures of amino acid amides were prepared as fol- 
lows. Starting out from the corresponding aldehydes, amino ni- 
triles were obtained via the Strecker reaction (HCN, NH3). Con- 
version of amino nitriles into the desired amides was carried out 
under alkaline conditions in the presence of a catalytic amount of 
a ketone (Boesten 1986). The enantiomerically  pure amino acid 
amides and amino acids were prepared according to an enzymatic 
resolution process,  using L-amidase from P. putida ATCC 12633 
(Kamphuis et al. 1987). 
Assay of D- and L-amidase activity. Amidase activities were mea- 
sured with whole cells  of P. putida  strain ATCC 12633, resus- 
pended  in potassium phosphate  buffer  (50 raM, pH  7.5).  The 
reactions  were  started  by  the  addition  of  about  100 mg  wet 
weight (5-10 mg dry weight) of whole ceUs to 1 ml of prewarmed 
reaction mixture, containing 50 mM D- or L-amino acid amide or 
100 mM of a mixture of both enantiomers in 50 mM TRIS-H2SO4 
buffer, pH 8.5. The reaction mixtures were incubated at 30  ° C in a 
rotary shaker (100 rpm). The enzyme reactions were stopped by 
the addition of phosphoric acid (final concentration 0.1 M) after 
0, 5, 10 and 20 rain and the solutions stored at 4  ° C, or immediate- 
ly used for the determination of the amino acids  and NH3 pro- 
duced by hydrolysis of the amides (see below). Incubation  of cells 
with only the amino acids in the reaction mixture did not result in 
a significant release of free NH3. In all the assays the observed 
rate of hydrolysis,  i.e.  the formation of NH3, was  linear for at 
least 20 min and proportional to the amount of dry weight of cells 
added. For a quantitative analysis of the amidase reactions, the 
ammonium ions produced in the hydrolysis reaction were mea- 
sured using an ion-selective ammonia electrode system (Orion 
model 95-12). A 1 N NIt4C1 solution was used as a standard. Cel- 
lular dry weight of samples was determined after drying a suita- 
ble aliquot overnight at 100  ° C, or after freeze-drying. 
A qualitative analysis of the amidase activity present was per- 
formed using either standard thin layer chromatography (TLC) 
plates (Merck, silica gel 60 F254 pre-coated), allowing detection of 
the amino acids formed and the corresponding amides, or chiral 
TLC plates (Chiralplate silica gel RP modification coated with 
Cu  2+ and chiral reagent; Macherey-Nagel, Dt~ren, Germany) for 
the enantiomeric resolution of the D- and/or L-amino acids pro- 
duced. For standard TLC analysis,  5 p,1 of the reaction mixture 
was applied on the plates. For chiral TLC analysis,  the samples 
were first diluted with the same volume of methanol:ammonia 
(3:1, v/v) and centrifuged (6000 g for 10 min). Subsequently 2 tzl 
of the supernatants was applied on the plates. The solvent system 
for  standard TLC consisted of chloroform:methanol:ammonia 
(60:45:20, v/v/v) and for chiral TLC of methanol:water:acetoni- 
tfile (50:50:200, v/v/v). After elution and drying, spots were visu- 
alized with 0.3%  ninhydrin solution. 
Analysis of amino acids and amino acid amides  in culture super- 
natants. Hydrolysis of amides, resulting in accumulation of amino 
acids in culture supernatants, was analysed on both standard and 
chiral TLC by applying 50 and 20 ~zl, respectively, of the samples. 
At various time intervals culture samples were taken and phos- 
phoric acid (final concentration 0.1 N) was added to arrest fur- 
ther enzyme activity. Cells were removed by centfifugation in an 
Eppendorf centrifuge (6000 g for 10 rain) and the supernatants 
were analysed by TLC. 
Assay of enzymes involved in phenylglycine metabolism.  Cell-flee 
extracts were prepared by passage of 2-3 ml cell suspensions in 
phosphate  buffer  (100 raM, pH  7.5)  through  a  cooled  French 
pressure  cell operating at  1000 MPa  (1.4x105  kN.m-2),  fol- 
lowed by centrifugation (40000 g for 30 min at 4  ° C). The super- 
natants contained 5-10 mg protein.m1-1 and were used for en- 
zyme assays  at 30  ° C. A  qualitative analysis for the presence of 
phenylglycine and/or valine aminotransferases in extracts  was 
performed using standard TLC plates (see above), following the 
disappearance of substrates (D- or L-PG and D- or L-Val) linked 
to the conversion of a-ketoglutarate into glutamate. The assay 
mixture contained (1 ml): 100 mM potassium phosphate buffer, 
pH 7.5; 5 mM  a-ketoglutarate (and other  a-keto acids  tested); 
5 ~M  pyridoxal phosphate;  cell-free extract.  The  reaction was 
started by addition of 5 mM PG or Val. At various time intervals 
reactions were stopped by addition of phosphoric acid (final con- 
centration 0.1 M), followed by standard TLC analysis.  Quantita- 
tive enzyme analysis were carried out at 30  ° C in a Hitachi 100-60 
double-beam spectrophotometer. D-Amino acid dehydrogenase 
activity was measured by following the D-PG dependent reduc- 
tion of 2,6-dichlorophenol-indophenol  (DCPIP) at 600 nm (Pioli 
et al. 1976). The test cuvette contained (1 ml): 100 mM potassium 
phosphate buffer, pH 7.5; 5 mM KCN; 0.5 mM phenazine metho- 
sulphate  (PMS);  40 ILM DCPIP; cell-free extract.  The reaction 
was initiated by the addition of 5 mM D-PG (or other D-amino 
acids tested). Specific activities are expressed as nmoles DCPIP 
reduced, min - 1. mg - a protein.  L-Amino acid  aminotransferase 
activity was  measured by following the phenylglyoxylate- or a- 
ketoisovalerate-dependent production  of  a-ketoglutarate  from 
glutamate,  using  glutamate-oxaloacetate  aminotransferase 
(GOT) and malate dehydrogenase as coupling enzymes, allowing 
a determination of the rate of NADH disappearance at 340 nm. 
The assay  mixture (1 ml) contained: 100 mM TRIS-HC1 buffer, 
pH  7.5, plus  2mM  dithiothreitol  (DTF),  10mM  L-aspartate, 
10 mM L-glutamate, 10 IxM pyridoxal phosphate, 150 IxM NADH, 
2.5 units malate dehydrogenase; 2.5 units GOT; cell-free extract. 
The reaction was  started by addition of phenylglyoxylate or a- 
ketoisovalerate,  2.5raM.  Specific  activities  are  expressed  as 
nmoles NADH oxidized.min-l-mg  -1 protein. Protein was  de- 
termined according to Bradford (1976). 521 
Results 
L-Amidase activities  in whole cells of P. putida ATCG 
12633 grown with various C and N  sources 
Cells  of P. putida ATCC 12633  grown in PS medium 
display  high  L-amidase  activity levels  towards  L-PG- 
NH2  and  L-Val-NH2  (Table  1).  The  regulation  of L- 
amidase synthesis was studied by growing the organism 
in mineral media with various  C  sources and ammon- 
ium  sulphate,  potassium  nitrate  or  L-PG-NH2  as  N 
sources. The growth rate of the organism in either of 
these media was relatively high (doubling times of 1- 
2 h). The presence of L-amidase activity towards L-PG- 
NH2 allowed utilization of this (unnatural)  amino acid 
derivative as an N  source.  Prolonged lag  phases  (ap- 
prox.  15 h), however, were consistently observed with 
L-PG-NH2-containing  mineral  media  independent  of 
the  carbon  source used.  In  further studies  it  became 
clear that growth in media with L-PG-NH2 as the sole 
N  source invariably started only after almost complete 
conversion of L-PG-NH2 had occurred. This resulted in 
intermittent accumulation of L-PG in the culture me- 
dium; the latter compound was  completely consumed 
during the ensuing phase of growth.  Growth could be 
further delayed by pulsing  additional  L-PG-NH2 into 
such cultures. 
Whole cells of P. putida displayed relatively high L- 
amidase activities for L-PG-NH2 and L-Val-NH2 when 
either  ammonium  sulphate  or potassium  nitrate were 
used as N  sources for growth. Surprisingly, both these 
activities were consistently very low in cells grown with 
L-PG-NH2  itself.  L-Amidase  activity with  L-Val-NH2 
was generally somewhat lower than that for L-PG-NH2 
and,  although  the  ratio  of  the  two  activities  varied, 
both  followed  approximately  the  same  pattern  (i.e. 
lowest in cells grown with L-PG-NH2 as sole N  source). 
All samples also possessed a relatively low activity to- 
wards  D-PG-NH2  (release  of ammonium  ions;  Table 
1).  Qualitative  chiral TLC analysis  of the  amino  acid 
enantiomers  formed revealed that  the  activities mea- 
sured  with  the  L-amino  acid  amides  exclusively  re- 
sulted in accumulation of the respective L-amino acids, 
namely  L-PG and  L-Val.  Quite  surprisingly,  also  the 
activities measured with D-PG-NH2 mostly resulted in 
conversion of the D-amide into L-PG. A  clear conver- 
sion of D-PG-NH2 into D-PG could only be observed 
with cells grown in the presence of L-PG-NH2 as the N 
source (which resulted in low L-amidase activities; Ta- 
ble  1). This conversion of D-PG-NH2 into D-PG indi- 
cates that the  organism possesses  not only L-amidase 
but also D-amidase activity. D-PG-NH2 conversion into 
L-PG requires the additional presence of, for instance, 
either an amino acid amide racemase or an amino acid 
racemase. 
Growth of P. putida ATCC 12633 with various amino 
acid amides as C and N  sources 
Table 1. Amidase activities in whole cells of Pseudomonas putida 
ATCC 12633 grown on complex medium  (PS)  and on mineral 
media with different carbon (C) and nitrogen (N) sources 
Growth medium  Activity towards: 
L-PG-NH2  L-Val-NH2  D-PG-NH2 
PS medium 
C source  N source 
265 I~  95 L  10 L 
Glucose  NH2  390 L  205 L  25 L 
NO~-  335 L  200 L  20 L 
L-PG-NH2  15 L  10 L  10 D 
Pyruvate  NH2-  535 L  145 L  25 L 
NOB  625 L  135 L  30 L 
L-PG-NH2  15 L  30 L  15 D 
Acetate  NH  +  530L  160L  30L 
NO~-  535 L  320 L  25 L 
L-PG-NH2  15 L  5 L  15 D 
Succinate  Nit  +  375 L  155 I~  25 L 
NO~-  285 L  180 L  10 L 
L-PG-NH2  15 L  10 -  10 D 
Citrate  NH~  270 L  125 L  20 L 
NO;-  480 L  170 L  20 L 
L-PG-NH2  30 L  10 -  20 D 
Activities  are  expressed  as  nmol NH3  produced.min-l-mg -1 
dry weight: L or D-PG-NH2, L or D-phenylglycine amide; L-Val- 
NH2, L-valine amide; L, L-enantiomer; D, D-enantiomer; no de- 
tectable production of amino acid enantiomers,  all estimated by 
qualitative analysis on chiral TLC 
The effect of the presence of various (amino acid) am- 
ides  as additional C  sources and  sole N  sources in ci- 
trate mineral media on the growth of P. putida ATCC 
12633 and the amidase activities measured with whole 
cells  are  shown in Table 2.  Citrate was  supplied  at  a 
relatively low concentration (4 mM),  allowing identifi- 
cation of those amides that can be used as C  and/or N 
sources by the organism (see final OD660 levels; Table 
2). The data clearly indicate that not only L-PG-NH2, 
but also o-PG-NH2 and L-Val-NHa, can be used both 
as a  C  and N  source by the organism.  Further studies 
showed that P. putida also grows rapidly in media with 
the amino acids D- or L-PG (doubling times of 2.5 h), 
or 0- and L-Val (doubling times of 2.8-3.6 h) as sole C 
and  N  sources.  Incubation  of the  organism  in  media 
with D-Val-NH2, however, did not result in appreciable 
growth and hydrolysis of D-Val-NH2 was not detected 
under these conditions (Table 2). The slight increase in 
OD660  of  the  growth  medium  that  did  occur  in  the 
presence of this amino acid amide appeared to be due 
to the intracellular accumulation of a storage polymer 
(probably poly-/3-hydroxyalkanoic acids)  from citrate. 
Both  D,L-MA-NH2  and  D,L-Phe-NH-CH2CH2OH 
were used as C and N  sources by the organism, where- 
as D,L-Ala-NH2 and  D,L-ce-amino-But-NH2 were only 
used as N  sources. 
The growth responses of the organism towards D-, 
L- and  D,L-PG-NH2, and  the  accumulation  of D-  and 
L-PG in the culture medium, were studied in more de- 
tail (Figs. i  and 2). Cells pregrown on citrate/ammon- 522 
Table 2. Growth of P. putida ATCC 12633 in 4 mM citrate mineral media with 
D,L-amino acid amides as supplements 
10 mM ammonium sulphate, 10 mM L- or D- or 20 mM 
Supplements  Source of:  Final 
OD660 
N  C 
Activity towards: 
L-PG-NH2  L-Val-NH2  D-PG-NH2 
(NH2)4804  -[-  0.520 
L-PG-NH2  +  +  1.220 
D-PG-NH2  +  +  1.090 
D,L-PG-NH2  +  +  0.945 
L-Val-NH2  +  +  0.475 a 
D-Val-NH2  -  -  0.220  b 
D,L-Val-NH2  +  +  0.685 
D,L-MA-NH2  +  +  1.950 
D,L-Ala-NH2  +  --  0.555 
D,L a-Amino-But-Nt-I2  +  -  0.400 
D,L-Phe-NH-CH2CH2OH  +  +  0.850 
285 L  125 L  20 L 
25 L  15 L  20 D 
565 L  305 L  15 DE 
495 L  135 L  35 DL 
330 L  125 L  30 L 
nm  nm  nm 
370 L  160 L  30 L 
410 L  200 L  25 L 
350 L  120 L  20 L 
335 L  335 L  25 L 
480 L  185 L  30 L 
Conical flasks with prewarmed  media were inoculated with ceils 
pregrown on citrate/(NH2)4SO4; initial optical densities at 660 nm 
(OD660) were approximately 0.05. Amidase  activities were mea- 
sured with whole cells, harvested after 24-30 h of incubation. Ac- 
tivities  are  expressed  as  nmol  NH3  produced.min-mg -1  dry 
weight: D,L-MA-NH2, D,L-mandelic acid  amide;  D,L-Ala-NH2, 
D,L-alanine amide; D& a-amino-But-NH2, D,I. a-butyric acid am- 
ide; D,L-Phe-NH-CH2CH2OH, D,L-phenylalanine ethanol  amide; 
L, D, DL=  L- or D- or D,L-amino acid enantiomers produced, es- 
timated  by qualitative  analysis on  chiral  TLC;  nm,  not  mea- 
sured 
a Growth on L-VaI-NH2  as a C source occured only after 30 h of 
incubation 
b Increase in OD660 due to the formation of polyhydroxyalkanoic 
acids from citrate 
10 
0.0"1  :3  ;  9  1'2  1;  18  2'1  2'Z~  2'7  30 
Time (h) 
Fig. 1. Growth  responses  of Pseudomonas putida  ATCC 12633 
incubated in 4 mM citrate mineral medium with 10 mM D-phenyl- 
glycine  amide  (D-PG-NH2; A),  20m~  D,L-PG-NH2 (V)  and 
10 mM L-PG-NH2 (O) as sole nitrogen (N) sources and additional 
carbon (C) sources. The cultures were inoculated to an initial op- 
tical density at 660 nm  (0966o)  Of approx.  0.05 with cells pre- 
grown on citrate/ammonium  sulphate  medium. Arrows indicate 
the time points at which cells were harvested for amidase activity 
measurements  (see Table 2) 
ium  sulphate  medium  and  incubated  in  citrate/D-PG- 
NH2 medium were able to grow almost instantaneously 
(Fig.  1),  although  the  D-amidase  activity  towards  D- 
PG-NH2 in  the inoculum cells  was low (Tables  1  and 
2). After approx. 4 h  a lower growth rate was attained, 
indicating citrate exhaustion  (at OD660  of approx. 0.5) 
and  change-over to  utilization  of D-PG-NH2  as  a  C 
plus  N  source.  In  this  phase  the  residual  D-PG-NH2 
present in the medium was converted into D-PG (Fig. 
2A and B) and growth continued on D-PG as a  C  and 
N  source.  Towards the  end  of growth, relatively high 
L-amidase and low D-amidase activities were detected 
in  assays with  whole  cells.  At the  relatively high  cell 
densities used in these assays conversion of D-PG-NHz 
into D-PG as well as L-PG could be detected (Table 2; 
Fig.  3).  Incubations  with  L-PG-NHz,  however,  only 
yielded  L-PG.  Racemization  of L-PG  and  D-PG  was 
not observed (Fig. 3). 
Transfer  of  citrate/ammonium  sulphate-pregrown 
cells into citrate/L-PG-NH2 medium resulted in almost 
immediate  accumulation  of L-PG  in  the  culture  me- 
dium (Fig.  2C and D), presumably due to the high L- 
amidase  activities  towards  L-PG-NH2 present  in  the 
inoculum cells  (Tables  1 and 2).  Despite the presence 
of suitable  C  (citrate)  and N  sources (ammonium pro- 
duced  from  L-PG-NH2  conversion)  in  the  medium, 
growth only occurred after a lag period of at least 13 h 
(Fig.  1)  during with time L-PG-Nttz had been  almost 
completely converted into L-PG. Enzyme analysis re- 
vealed that at the end of growth only relatively low L- 
and D-amidase activities were present in the cells, with 
L- and D-PG-NH2 only being converted into L-PG and 
D-PG, respectively (Table 2). 
Cells incubated in medium with D,L-PG-NH2 failed 
to grow immediately (see above for D-PG-NH2 alone), 
and in this  case a  relatively short lag phase  of growth 
was observed (see above for L-PG-NHz alone; Fig.  1). 
Accumulation of L-PG in the culture medium again oc- 
cured almost immediately (Fig.  2E, F), but that  of D- 
PG was delayed for several hours compared to the ex- 
periment  with  addition  of  only  D-PG-NH2  (Fig.  2A 
and  B).  D,L-PG-NH2-Grown cells  still  possessed high A 
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Fig. 2A-F. Qualitative TLC analysis of L and D-phenylglycine (L- 
PG, D-PG) and phenylglycine amide (PG-NH2) present in the su- 
pernatants of the citrate/D- and/or L-PG-NH  2 cultures shown in 
time  (h) 
Fig. 1. Standard (A, C, E) and chiral analysis  (B, D, F) of super- 
natants of cultures with D-PG-NH2 (A, B), L-PG-NH2 (C, D) or 
D,L-PG-NH2 (E, F) 
L-amidase and low D-amidase activities. Enzyme assays 
revealed that  these  cells were able to  convert D-PG- 
NH2 into D-PG as well as L-PG (Table 2). 
A  comparison  of L-amidase  activity levels towards 
L-PG-NH2 in cells grown with a variety of amino acid 
amides revealed that again L-PG-NH2-grown cells pos- 
sessed an exceptionally low activity (Table 2). For each 
growth  condition  tested  the  activities  measured  with 
the L-amino  acid amides exclusively resulted in accu- 
mulation  of the  respective  L-amino  adds.  Only  cells 
grown in the presence of D-PG-NH2 clearly converted 
this D-amide into D-PG as well as L-PG (Table 2; Fig. 
3). Amino acid racemase activity with D- or L-PG was 
not detected in these cells (Fig. 3). A  possible explana- 
tion for these results is that  this  P. putida  strain  em- 
ploys both a D-amidase and an amino acid amide race- 
mase for the conversion of D-PG-NH2 into D-PG and 
L-PG-NH2, respectively. 
Enzymes involved in phenylglycine  metabolism  in P. 
putida ATCC 12633 
Cells grown under  a variety of conditions were found 
to  constitutively  synthesize  a  phenylglycine  amino- 
transferase, with clearly elevated levels when the cells 
were grown on D- or L-Val. Similar observations were 
made  with  a-ketoisovalerate  as  substrate,  indicating 
the  presence  of  valine  aminotransferase  (Table  3). 
TLC  analysis  showed  that  these  extracts  only  con- 
verted the amino-group  acceptor oz-ketoglutarate into 
glutamate when incubated with L-PG or L-Val as sub- 
strates in the presence of pyridoxal phosphate,  oz-Keto- 
glutarate could not be replaced by oxaloacetate, pyru- 
vate or phenylpyruvate as amino-group  acceptors. No 
aminotransferase  activity was  detected for D-PG  and 
D-Val, using a variety of incubation conditions and am- 
ino-group  acceptors.  Instead,  cells grown in the pres- 
ence of D-PG and D-Val possessed D-PG dehydrogen- 524 
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Fig. 3. Qualitative chiral  TLC analysis  (2 ~1 samples) of amino 
acid enantiomers formed from L-PG-NH2 (1%  w/v, lane 2) and 
D-PG-NH2 (1% w/v, lane 3), L-PG (0.5% w/v, lane 4) and D-PG 
(0.5% w/v, lane 5) by whole cells (approx. 100 mg wet weight)  of 
P. putida ATCC 12633 grown on citrate/D-PG-NH2  mineral me- 
dium. Reference solutions  of L-PG (0:2% w/v, lane 1) and D-PG 
(0.2% w/v, lane 6) are also included 
Table 3. Specific activities of enzymes involved in initial steps of 
L- and D-phenylglycine  (L- and D-PG) and L-valine (L-Val) de- 
gradation in cells of P. putida  ATCC 12633 grown on various 
substrates 
Growth substrate  L-Phenylglycine  D-Phenylglycine 
aminotransferase  dehydrogenase 
LB  70  0 
Citrate + (NH4)2SO4  45  0 
Citrate + L-PG-NH2  85  0 
Citrate + D-PG-NH2  65  35 
L-PG  45 (50)  a  0 
D-PG  55 (60)  30 
5-Val  180 (150)  0 
D-Val  155 (125)  15 
Activities  are expressed as  nmol.min-l'mg -1  of protein: LB, 
Luria-Bertani medium 
a Data in brackets indicate  activities measured with a-ketoisoval- 
erate as substrate 
ase  activity,  which  could  be  measured  with  PMS/ 
DCPIP  as  artificial  electron  acceptors  (Table  3),  but 
not with NAD  or NADP. The highest activity was de- 
tected in cells grown in citrate/D-PG-NH2 medium. L- 
PG did not induce this enzyme, and nor did L-PG func- 
tion as a substrate for the enzyme in D-PG-grown cells. 
Addition  of L-PG at  a  concentration  of  1 mM to  the 
reaction mixture led to an inhibition of the D-PG dehy- 
drogenase activity for almost 40%.  Only various other 
D-amino acids (D-Val, D-phenylalanine, D-tryptophan) 
were also used as substrates. Apparently the enzyme is 
a  D-amino  acid  dehydrogenase.  The  pathways  for  L- 
PG-NH2 and D-PG-NH2 utilization in P. putida ATCC 
12633  are shown schematically in Fig. 4. 
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Ng. 4. Schematic  representation of the pathways for L-PG-NH2 
and D-PG-NH2 utilization  in P. putida  ATCC 12633: 1,  amino 
acid amide racemase; 2, L-amidase; 3, D-amidase; 4, L-amino acid 
aminotransferase; 5, D-amino acid dehydrogenase 
Discussion 
P. putida ATCC 12633 cells grown in rich medium dis- 
play high  L-amidase  activities  with  L-PG-NH2 and  L- 
Val-NH2 (Kamphuis et al. 1987; this study). The organ- 
ism actually can grow in mineral medium with a variety 
of (un)natural  amino acids (amides) as sole c  and/or N 
sources.  The  identity  of the  enzymes  involved  in  the 
metabolism  of D,L-Val,  D,L-PG,  D,L-PG-NHs  and  L- 
Val-NH2 are under investigation. The data obtained in 525 
the present study can be explained by the presence in 
this P. putida strain of two novel enzymes, namely am- 
ino acid amide racemase and D-amidase, converting D- 
PG-NH2 into L-PG-NH2 and D-PG, respectively (Figs. 
3 and 4). 
Actual  growth  in  L-PG-NH2 medium  only started 
after a  prolonged lag phase during which most of the 
L-PG-NH2 had been converted completely into L-PG. 
This suggests that L-PG-NH2 itself, or unknown com- 
pounds derived from it, exert a strong growth inhibito- 
ry effect (Fig. 1). L-PG itself does not appear to cause 
growth inhibition; this substrate allowed rapid growth 
without a  pronounced lag phase.  L-Amidase activities 
towards L-PG-NH2 and L-Val-NH2 in general were not 
greatly affected by the nature of the C  and N  sources 
(ammonium, nitrate) in the medium. Repeatedly, how- 
ever,  an  exceptional  situation  was  noticed  in  cells 
grown with L-PG-NH2. This growth condition specifi- 
cally resulted in strongly reduced L-amidase activities 
(Tables 1 and 2). In further studies it has become clear 
that the low L-amidase activities in fact resulted from a 
stable genotypic adaptation (Croes et al. unpublished). 
The  L-amidase  activities  with  L-PG-NH2  and  L-Val- 
NH2  followed  approximately  the  same  pattern,  sug- 
gesting  the  involvement  of  similarly  regulated  en- 
zymes, or a common enzyme. 
Previously,  van  den  Tweel  et  al.  (1986)  reported 
that the metabolism of L- and D-PG in P. putida LW-4 
involves L- and D-PG aminotransferase activity. P. pu- 
tida ATCC 12633 was found to employ an L-PG ami- 
notransferase and a D-PG dehydrogenase instead. This 
is similar to the situation described for Flavobacterium 
F24  (van den Tweel and  de Bont  1987).  Amino  acid 
racemase activity for D,L-PG was not detected in P. pu- 
tida LW-4 (van den Tweel et al. 1986) and in P. putida 
ATCC  12633  (this  study, Fig.  3).  It is  therefore con- 
cluded that the metabolism of D- and L-PG-NH2 in P. 
putida  ATCC  12633  proceeds  as  indicated  in  Fig.  4. 
The precise subcellular localization of the enzymes ca- 
talysing the initial steps in the utilization of D- and L- 
PG-NH2  is  unknown  and  remains  to  be  investigated 
further.  The  possibility  that  multiple  L-  and  D-ami- 
dases are involved in the conversion of L-PG-NH2 (and 
L-Val-NHz) and D-PG-NH2 cannot be excluded at the 
moment. 
Studies  of the properties of purified  amidases  and 
characterization  of  amidase-negative  mutants  should 
enable us to further assess  the physiological relevance 
and role of these amidases in P. putida, able to convert 
unnatural amino acid amides. 
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